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Introduction
Plants are different from animals, lacking mobile defender cells and a somatic adaptive immune system. Instead, plants rely on pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) which is mediated by pattern recognition receptors (PRRs) to recognise pathogen infection and activate immunity responses [1] . Gram-negative pathogenic bacteria are dependent on type III secretion system (TTSS) to deliver effectors directly into host cells to promote pathogen growth and disease development, which results in effector-triggered susceptibility [2] . When an effector is recognized by the disease resistance (R) protein resulting in effector-triggered immunity (ETI), the effector is defined to be an avirulence (avr) protein [3] . ETI, faster and stronger than PTI, usually elicits hypersensitive cell death response in the infection site to inhibit the expansion of disease [4] . To avoid ETI, pathogens either shed or diversify the recognized effector genes, or acquire additional effectors that are able to suppress ETI [3] . In some cases, in the absence of an R gene, the particular avr gene acts as a virulence factor. TTSS effectors are essential for the pathogenicity of many pathogenic bacteria in animals and plants [1] . If the TTSS is defected, such as the PXO99 A mutant hrpC/hrcU, the pathogenic bacterium will significantly reduce its pathogenicity and become to a non-pathogenic one [5] .
Rice bacterial leaf streak (BLS), which is caused by Xanthomonas oryzae pv oryzicola (Xoc), results in considerable yield loss, especially in southern and central China [6] . And rice bacterial blight (BB), caused by Xanthomonas oryzae pv oryzae, is another serious bacterial disease. There is no rice R gene identified to be strain-specific resistant to Xoc. Over to 37 R genes have been identified in the rice germplasm resistant to Xoo [7] . About 40 TTSS effectors have been identified in Xoo, which may play an important role in the pathogenicity of Xoo [6] . Some transcription activator-like (TAL) effectors, such as pthXo1, pthXo6, pthXo7 and avrXa7 are found to be required for susceptibility [8] - [14] . Except for the TAL effectors, nearly 20 non-TAL effectors exist in Xoo, and only a few have been identified involved in virulence [15] , [16] . There are two copies of the XopZ gene in the genome of PXO99 A , and mutations in both copies of XopZ have been demonstrated to reduce virulence in means of lesion length and bacterial multiplication compared with PXO99
A . In addition, the protein has been demonstrated to suppress the host basal defence by repressing callose deposition in the leaves of Nicotiana benthamiana [16] . XopR, located in the plant cell plasma membrane, displays significant reduction virulence once mutated in MAFF311018 and Chinese strain 13751 [17] , [18] , and it also represses flg22-triggered PTI in Arabidopsis [17] . Several other Xoo TTSS effectors, including XopN, XopQ, XopX, and XopZ, have been reported to suppress the innate immunity responses induced by cell wall damage in rice [19] . In addition, XopX from X. campestris pv. vesicatoria was observed to promote lesion development in non-host plants Nicotiana benthamiana [20] . Song et al reported that among the 18 type III effector mutations in Xoo, only XopZ was revealed to reduce virulence in rice, suggesting that there may be redundancy in the function of these non-TAL effectors [20] . It has also been reported that Xoo triggers non-host N. benthamiana HR, which is dependent on the induction of the expression of harpin coding gene hpa1 by hrpD6 [21] .
Until now, very little is known about the virulence function of non-TAL effectors from Xoc in rice. The TTSS effector gene avrRxo1 was found to elicit a hypersensitive response (HR) and confer non-host defense response to Xoc on maize [22] . AvrRxo1 protein is predicted to contain nine putative myristoylation sites and one putative nuclear localization sequence (NLS). The subcellular localization experiments show that AvrRxo1 is localized to the plasma membrane [22] . In addition, AvrRxo1 was also predicted to contain an eukaryotic thiol (cysteine) protease active site and an ATP/GTP binding site motif A (P-loop) [22] . The cognate R gene, Rxo1,encodes NBS-LRR type protein to recognize AvrRxo1 in maize [23] . It was found that Rxo1 can still recognise AvrRxo1 and elicit HR in rice [23] . Forty Xoc strains collected from different geographical regions were identified to contain avrRxo1 and trigger HR on B73 (Rxo1/Rxo1) [22] . This suggests that avrRxo1 is conserved in different Xoc strains. Although Xoo shares more than 91% similarity with Xoc at the DNA level (unpublished data), there is no avrRxo1 gene found in Xoo [22] . In addition, the analogue of avrRxo1 was found in Xanthomonas campestris pv. vesicatoria (Xcv) which had been identified to inhibit yeast cell growth and result in cytotoxic to N. benthamiana [24] . Recently, the other hypersensitive response and pathogenicity (hrp) gene hrpE3 was identified as a new virulence non-TAL effector which is required for full virulence in Xoc [25] .
In this study, a new virulence function was identified with avrRxo1 that it can suppress the PXO99-triggered HR in non-host N. benthamiana. Similarly, we determined that avrRxo1 from Xoc can also exhibit toxicity to yeast and N. benthamiana. Thus, avrRxo1 has three different functions: avirulence, suppression of non-host HR, and cytotoxicity. Truncation and point mutation experiments were performed to define the domains associated with the three different functions. These results show that the three functions were controlled by different domains.
Results

AvrRxo1 of Xoc suppresses non-host HR induction triggered by Xoo
As reported, there may exist one or more type III effectors in Xoc that is able to suppress the resistance of plants [26] . In order to clone the suppressor, we hypothesize that it could suppress the HR caused from the recognition of Xoo by N. benthamiana. First, we constructed a genomic cosmid DNA library of Xoc strain RS105 and then transformed the library cosmids into the Xoo strain PXO99
A one by one. By using an HR reporter system induced by the interaction between PXO99
A and N. benthamiana, we performed an assay for about 900 PXO99
A transformations carrying the library plasmid and N. benthamiana (4-6 weeks old). Two clones, carrying cosmid 2C10 and 8E07 respectively, were demonstrated to completely abolish HR on N. benthamiana (Fig. 1A ), suggesting they carry suppressor genes that inhibit non-host HR. The ends of the inserted DNA fragments of two cosmids were then sequenced. The sequences fell into the same region, and in this region, there is one TTSS protein encoded by the avrRxo1 gene (data not shown). Interestingly, AvrRxo1 has been reported to be conserved in Xoc. It is able to elicit a non-host HR in maize lines carrying the corresponding R gene, Rxo1 [22] . So we selected avrRxo1 as the main suppressor candidate gene. The avrRxo1 gene under its native promoter was then cloned into a pHM1 vector and then introduced into PXO99 A . The results indicated that PXO99 A (pHMavrRxo1) did not trigger HR on N. benthamiana (Fig. 1A) , suggesting that avrRxo1 is indeed a suppressor that can suppress the HR mediated by non-host recognition of PXO99 A in N. benthamiana. To confirm the expression of avrRxo1 in Xoo, we used the PXO99 A (pHMavrRxo1) strain to infiltrate the maize line B73, which carries the Rxo1 gene. PXO99 A (pHMavrRxo1) induced an HR in maize with Rxo1 (Fig. 1B) , suggesting that the avrRxo1 gene can be expressed normally in Xoo.
The conserved AvrRxo1 in Xoc strains suppresses Xoo-triggered HR in N. benthamiana
In our lab, we collected five Xoc strains from different areas of China, and all of them could induce an HR on B73 (Rxo1) (data not shown). Five avrRxo1 homologs, avrRxo1 RS105 , avrRxo1 RS85 , avrRxo1 SDAU-1 , avrRxo1 JSB2-24 , and avrRxo1 HNB8-47 , were cloned from the 5 Xoc strains. The AvrRxo1 clones share 98.10% to 100% sequence identity. They also share 98.57% to 100% sequence similarity with AvrRxo1 from BLS256 (Fig. 2) . The AvrRxo1 proteins from RS105 and SDAU-1 are identical. Therefore they belong to these four alleles of AvrRxo1. All five PXO99
A (pHMavrRxo1) strains could also induce HR on maize B73 (Rxo1) (Fig. 1B) . These results suggest that all four avrRxo1 alleles were normally expressed in PXO99
A , and the interaction with Rxo1 is conserved. Then, five PXO99
A (pHMavrRxo1) strains were infiltrated into N. benthamiana separately to test if different AvrRxo1 alleles can suppress the non-host HR in N. benthamiana.
Compared with the leaves infiltrated with PXO99
A (pHM1) that induce HR, there was no HR symptom observed on the leaves infiltrated with all 5 PXO99 A (pHMavrRxo1) strains (Fig. 1C) . This indicates that the AvrRxo1 allele from different Xoc strains has the ability to suppress the non-host HR triggered by Xoo in N. benthamiana. In addition, these results suggest that the function of AvrRxo1 interacts with Rxo1 and suppressing non-host HR is conserved among different Xoc strains.
AvrRxo1 causes both cell death in N. benthamiana and toxicity in yeast Because AvrRxo1 from X. campestris pv. vesicatoria (Xcv) was found to be toxic and affect cell growth when expressed in yeast [24] , a methanol-induced expression assay was adopted to determine if the avrRxo1 gene from Xoc was also able to produce toxicity when expressed in yeast. Yeast strain GS115 containing pPIC3.5K grew well in the repressing and inducing medium (Fig. 3A) . In contrast, GS115 (pPIC3.5K:avrRxo1), with the plasmid carrying the avrRxo1 gene, grew well in repressing medium but not in inducing medium (Fig. 3A) . These results has determined that the AvrRxo1 protein from Xoc is also toxic when expressed in yeast.
Then, a transient expression system was utilised to assess if AvrRxo1 is toxic and able to produce a detectable phenotype in plants. The avrRxo1 gene from RS105 under the control of the CP (coat protein) promoter was transformed into Agrobacterium tumefaciens GV3101 and infiltrated into N. benthamiana leaves. Expression of avrRxo1 resulted in a cell-death symptom 5 days after infiltration in the entire infiltrated area, while A. tumefaciens GV3101 containing an empty vector did not induce cell death, even 7 days after infiltration (Fig. 3B) . Expression of AvrRxo1 was confirmed by RT-PCR analysis (Fig S1) . These findings demonstrate that AvrRxo1 protein is both toxic to yeast and able to induce cell death in N. benthamiana.
Then, we tested if the four avrRxo1 alleles from different Xoc strains are all toxic in N. benthamiana. Other four avrRxo1 clones were inserted into the vector pGR106, and transformed into A. tumefaciens GV3101. GV3101 containing empty pGR106 or pGR106:avrRxo1 RS105 was used as a negative and positive control, respectively. The symptom was observed at day 5 post-infiltration. Similar to avrRxo1 RS105 , avrRxo1 RS85 , and avrRxo1 sdau-1 induced cell death when transiently expressed in N. benthamiana. However, avrRxo1 JSB2-24 and avrRxo1 HNB8-47 did not induce cell death (Fig. 3B) . Thus, the toxic function of AvrRxo1 protein is not consistent among different Xoc strains.
Substitution at residue 344 is involved in toxic function
To explore the abolished toxic function for AvrRxo1 JSB2-24 and AvrRxo1 HNB8-47 , further sequence analysis was conducted among four alleles. Compared to AvrRxo1 RS105 , there are 10 and 9 amino acids substitutions in AvrRxo1 JSB2-24 and AvrRxo1 HNB8-47 , respectively. Except for substitution at the position 344, which is serine in AvrRxo1 RS105 AvrRxo1 RS85 , and AvrRxo1 sdau-1 but threonine in AvrRxo1 JSB2-24 and AvrRxo1 HNB8-47 , other eight common substitutions were also identified in either AvrRxo1 RS85 or AvrRxo1 sdau-1 that could induce cell death. This indicated that substitution at residue 344 may be responsive for the abolished toxic function for AvrRxo1 JSB2-24 and AvrRxo1 . To confirm the important role of the amino acid at the position 344, the serine of AvrRxo1 RS105 was substituted with threonine. The AvrRxo1 mutant (S344T) was cloned into the pGR106 vector for toxicity testing in N. benthamiana. As shown in Fig. 3C , S344T failed to induce cell death when expressed in N. benthamiana, suggesting that the residue 344 is essential for the toxic function of AvrRxo1.
C-terminus plays an important role in the functions of AvrRxo1
The functions of suppressor and avirulence but not toxicity are conserved in AvrRxo1 alleles from different Xoc strains. It is possible that the three functions may be controlled by different domains. However, the information about function domains is limited in AvrRxo1 protein. The secondary structure of the protein was analysed using the Jpred 3 and GlobPlot software [27] , [28] . AvrRxo1 is predicted, with low confidence, to contain an intrinsically disordered N-terminus (Fig. S2) , where there are several short extended helical strands and a potential globular domain in the C-terminus that contains six b-strands inserted between and flanked by 10 a-helixs (Fig. S3) .
To determine the contribution of the N-and C-terminus to the function of AvrRxo1, we performed a deletion analysis. Site-directed C-terminal deletions at 159, 193, 278, 373, and 412 position were generated and cloned in both pGR106 and pHM1. They they were analysed for their ability to elicit a maize B73 HR, repressing HR triggered by Xoo in N. benthamiana and plant cell toxicity. Similar to the negative control, the 5 C-terminal deletions failed to elicit a HR, suppress non-host HR and induce cell death (Fig. 4A) . To confirm that the abolished HR was not due to lack of expression of the truncations in Xoo, RT-PCR analysis with specific primer for avrRxo1 were achieved to suggest that all avrRxo1 truncations were successfully expressed at transcription level (data not shown). Based on the aboved results, we performed another four C-terminal deletions resulting in the lack of the last one to four amino acids of AvrRxo1. When the last or the last two amino acids were deleted, AvrRxo1(1-420) and AvrRxo1(1-419) were still recognised by Rxo1, resulting in the induction of HR in maize. But they lost the suppression ability in N. benthamiana (Fig. 4A, B) . AvrRxo1(1-418), lacking the last three amino acids was unable to be recognised by Rxo1 in maize and suppress the non-host HR in N. Benthamiana (Fig. 4A, B) . All the C-terminus truncated AvrRxo1 proteins were not toxic to N. benthamiana (Fig. 5A) . These results suggest that the C-terminus plays an important role in all three functions of AvrRxo1, and a complete C-terminus is required for the suppressor function and toxicity function of AvrRxo1.
A disordered region with an unknown function was predicted in the Nterminus. We also made six N-terminal deletions at the 17, 52, 109, 140, and 186 amino acids and tested the functions of the mutants. All the N-terminal deletions transformed into PXO99
A resulted in the loss of recognition by Rxo1 and suppression of non-host HR (Fig. 4A, B) . However, when transiently expressed in N. Benthamiana, AvrRxo1(17-421) and AvrRxo1(52-421) still induced cell death in N. benthamiana, whereas AvrRxo1(109-421), AvrRxo1(140-421), and AvrRxo1(186-421) lost toxicity (Fig. 5B) . These results suggest that N-terminus is essential for the function of the AvrRxo1 protein as well as C-terminus.
The suppressor and avirulence functions are dependent on ATP/ GTP binding site motif A but not the cysteine protease active site
We further analysed the relationship between conserved motifs and the three functions of AvrRxo1. The putative key sites of the cysteine protease and ATP/ GTP binding site motif A were substituted by alanine separately, and the mutants were tested for the three functions of interest. We found that the ATP/GTP binding site motif A mutant (K166N) neither induced HR in maize B73 nor suppressed the non-host HR in N. benthamiana, whereas the mutant ATP/GTP binding site motif A mutant (G165A) was still recognised by Rxo1 but lacked suppression ability (Fig. 6A, B) . However, the cysteine protease active site mutant (H71A) did not affect the recognition with Rxo1 and suppression of non-host HR (Fig. 6A, B) . Thus, the ATP/GTP binding site motif A plays an important role in the recognition with Rxo1 and in acting as a suppressor. The cysteine protease active site may not associated with the two functions of AvrRxo1 proteins. Differently, the cytotoxicity was lost in G165A, K166N and H71A (Fig. 5C ). This indicates that the ATP/GTP binding site motif A and the cysteine protease active site were required for the toxicity function of AvrRxo1. 
NLS can import AvrRxo1 into nuclear and is required for suppressor and avirulence functions
AvrRxo1 was also predicted to contain a putative NLS (122-PERRKLH-128) [22] , which may facilitate the transportation of the protein AvrRxo1 into the cell nucleus. To determine the role of NLS, AvrRxo1(1-421), AvrRxo1(52-421) and AvrRxo1(109-421), were fused with red fluorescent protein (RFP) and transiently expressed in 4-6 weeks old N. benthamiana. Similar to the results of subcellular of avrRxo1 done in onion cells, the full length avrRox1 is mostly localized to the plasma membrane in N. benthamiana cells. The RFP fluorescence of AvrRxo1(52-421)-RFP, which lacks the first two putative myristoylation sites, was observed both in the plasma membrane and nucleus, while AvrRxo1(109-421) lacking the first four myristoylation sites was mostly located in the nucleus (Fig. 7) . These results suggest that the NLS has a role in importing AvrRxo1 into the nucleus when the membrane anchor signal is missing.
Given that the NLS has the ability to import AvrRxo1 into the nucleus, its contribution to the three functions was then investigated. We substituted the amino acids RRK essential for the function of NLS by three alanines to obtain a mutant, nls (R124A, R125A, K126A). Then it was used to test its ability to be recognised by Rxo1, suppress non-host HR, and toxicity. We found that nls (R124A, R125A, K126A) failed to induce HR in B73 and suppress the non-host HR to PXO99 A in N. benthamiana (Fig. 6A, B ),but still maintained toxicity when transiently expressed in N. benthamiana (Fig. 5C ). These results suggest that NLS is an important motif for the function of AvrRxo1, and nuclear localisation is required for resistance mediated by recognition with Rxo1 and suppress the defense response. 
Discussion
Previously, avrRxo1 cloned from Xoc was demonstrated to be capable of inducing an HR in the maize line B73, which carries Rxo1 [22] , but little is known about its virulence. As Xoc TTSS effectors have been found to be able to inhibit R genemediated defense responses in rice [26] , it is unknown whether AvrRxo1 is one of these suppressors. In this study, we identified that two clones containing avrRxo1 gene can suppress non-host pathogen-induced HR in N. benthamiana (Fig. 1) . Interestingly, the two clones could also inhibit the host defense response to Xoo controlled by XA21 in rice (data not shown), suggesting it is an effective way to clone suppressors of Xoc in N. benthamiana, and avrRxo1 may be one of the suppressors in Xoc. Meanwhile, the result that the two clones are not able to suppress the resistance of xa13 suggests that there is another effector in Xoc that can inhibit R gene-mediated defense.
Twenty-six non-TAL TTSS effector genes and 28 TAL effector genes were identified in the Xoc strain BLS256 [29] , and most of their functions are unknown. Some non-TAL effectors existing in both Xoo and Xoc were reported to be no virulence function in rice line IR24 [16] . Recently, several Xoo TTSS effectors, XopN, XopQ, XopX, and XopZ, were reported to suppress innate immunity responses in plants [19] . In addition, the TTSS effectors XopD, XopN, XopJ, XopX and others from X. campestris pv. vesicatoria are also able to suppress the basal defence responses in host or non-host plants [30] - [33] . Thus, future experiments are needed to screen Xoo-resistant rice lines, such as IRBB7, IRBB10 and IRBB13, to identify new suppressors. There are more than 31 TTSS effectors in Pseudomonas syringe pv. tomato DC3000 (DC3000) [34] , and several effectors have been reported to enhance the pathogenicity of bacteria on host plants [35] . Several TTSS effector proteins from DC3000, AvrPto, AvrPtoB, HopPtoD2, and HopPtoN, have been reported to possess HR-suppressing ability in host and nonhost plants [36] - [39] . The suppression of cell death by AvrPto is determined by the ability to interact with the R protein Pto [38] . HopPtoN protein, a member of the CA clan of papain-like cysteine proteases, has cysteine protease activity in vitro [39] . However, whether the cysteine protease activity is required for the HRsuppressing ability remains to be determined. AvrRxo1 protein has been revealed to contain a eukaryotic thiol (cysteine) protease active site, suggesting that AvrRxo1 may possibly have cysteine protease activity likely the HopPtoN protein that requires future experiments to determine. However, a cysteine protease active site mutant (H71A) that is similar to wild-type AvrRxo1 can still be recognized by Rxo1 to induce HR in maize and inhibit the non-host HR in N. benthamiana (Fig. 6, 8 ). These findings determine that the putative cysteine protease active site is not important for the suppressor function, but it is essential for cytotoxicity function.
BLAST results reveal the homologs of AvrRxo1 in Xanthomonas campestris pv. vesicatoria, Xanthomonas axonopodis pv. citrumelo and Acidovorax citrulli AAC00-14. Whether these AvrRxo1-like proteins contain similar function in terms of interaction with Rxo1 or suppression of non-host resistance require further determination. It has been reported that avrRxo1 from Xcv inhibits cell growth by arresting the cell cycle when expressed in yeast [24] . A similar response was also observed in yeast expressing avrRxo1 and in plants with transient expression of avrRxo1 from the Xoc strains RS105, SDAU-1, and RS85 (Fig. 3A, 3B) . Interestingly, avrRxo1 from Xoc strains JSB2-24 and HNB8-47 failed to induce cell death when expressed in N. benthamiana, although there is highly identical among amino acids sequence (Fig. 3B) . Based on the sequence analysis, we speculated that the amino acid at the position 344, that is serine in AvrRxo1 RS105 , AvrRxo1 SDAU-1 , and AvrRxo1 RS85 but threonine in AvrRxo1 JSB2-24 , and AvrRxo1 HNB8-47 , is essential for toxicity. The BLAST results revealed the same as AvrRxo1 RS105 , AvrRxo1 alleles from Xcv is also serine at the position 379 (equivalent to the position 344 in AvrRxo1 from Xoc). The mutant AvrRxo1(S344T) transient expression in N. benthamiana did not induce cell death, confirming our speculation (Fig. 3) . Then, we proposed whether the position 344 is a part of an important functional amino acid. The results of secondary structure prediction reveal that the position 344 participates in assembling a b-strand (Fig. 2) , except that these findings provide no clues about the important particular role of the position 344.
We determined that the avirulence function of interaction with Rxo1 and suppression of non-host HR is conserved among AvrRxo1 proteins from different Xoc strains. It has been reported that all 40 Xoc tested strains can induce strong HRs in maize with Rxo1 [22] . These results suggest that AvrRxo1 may play a key role in the virulence of Xoc. G165A and K166N mutants have mutations in the putative ATP/GTP binding site motif A. K166N did not induce HR in maize with Rxo1 and is disable to suppress non-host HR, while G165A could still interact with Rxo1 but could not suppress non-host HR and lost toxicity (Fig. 5, 6, 8 ). This suggests that the function of interaction with Rxo1 and suppression of non-host HR is controlled by different amino acid site. In addition, AvrRxo1(1-420), the Cterminal final one amino acid deletion mutant, failed to suppress non-host HR to Xoo in N. benthamiana but still recognized by Rxo1 (Fig. 4, 8) . This further confirms that the two functions are controlled by different domains.
There is an evidence that some suppressors act upon the signal transduction pathway that controls programmed cell death to suppress the defense-associated HR. The DC3000 effector HopAI1 directly inactivates MPK3 and MPK6 by dephosphorylation and consequently suppresses flg22-induced gene expression, oxidative burst, and callose deposition, resulting in increased disease susceptibility in plants [40] . AvrPto and AvrPtoB directly target FLS2, EFR, and BAK1 to affect receptor kinase complexes to block immune signaling pathway [41] , [42] . Using virus-induced gene silencing, 7 ACE (Avr/Cf-elicited) genes were identified to be required for non-host HR to Xoo in N. benthamiana [43] . It is believed that oxidative burst and calcium-dependent signaling pathways are important in the non-host resistance to Xoo [43] . Therefore AvrRxo1 is speculated to interfere in the progress of oxidative burst or the calcium-dependent signaling pathways to suppress the non-host HR. Bahadur and Basak reported that a number of residues of AvrRxo1 at the interface of interaction with Rxo1 were in the C-terminal region (379-408) of AvrRxo1 [44] . However, our results show that a complete C terminus is required for the suppressor and cytotoxic function of AvrRxo1. This led us to speculate that the C-terminus may play an important role in interacting with plant target proteins.
The subcellular localisation is important for the function of proteins. The effector protein AvrPto is reported to localise on plant cell membrane [45] . AvrPto mutation of the putative myristoylation site, G2A, abolished the membrane association and resulted in lost suppression activity [45] . The myristoylation motif of myristoylated proteins targeted to the plasma membrane is usually located at the N-terminus of the protein with glycine right after the starting methionine, it is not the case of AvrRxo1 [46] . AvrRxo1 also contains nine putative myristoylation site, however, none of these putative myristoylation site is located at the end of N-terminus. Subcellular location experiments revealed that avrRxo1 is localised on the plasma membrane (Fig. 7) After being truncated at the first two putative myristoylation sites, some AvrRxo1 protein were observed to translocate into nucleus. When losing the four putative myristoylation sites, AvrRxo1 protein is found mainly in the nucleus (Fig. 7) , suggesting that the first four myristoylation site lead AvrRxo1 to localise to membrane and the NLS is able to import AvrRxo1 into the cell nucleus. The observations proved that AvrRxo1(8-421), AvrRxo1(17-421) and AvrRxo1(52-421) were shown toxic to N. benthamiana cells. These suggest that the membrane localisation is required for toxicity activity. In addition, the nls mutant protein is still toxic to N. benthamiana cells (Fig. 5C, 8 ) suggesting that the nucleus localization is not required for the toxic function. AvrBs3 carries two functional NLSs, which are required for HR induction. The NLS2 is required for interaction with CaIMPa1 and CaIMPa2 [47] , [48] . The nls mutant (R124A, R125A, K126A) lost the ability to elicit an HR in maize carrying the Rxo1 gene, and the mutant lost suppressor activity but it could still induce cell death when transiently expressed in N. benthamiana (Fig. 8) . These results suggest that nuclear localization is important for the induction of HR in maize and for the inhibition of non-host HR. These results further demonstrate that the three functions of AvrRxo1 are controlled by different domains or amino acid site and can be structurally separated.
Materials and Methods
Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are described in Table 1 , and the primers used are described in Table S1 . The strains of Escherichia coli were cultured in Luria-Bertani (LB) at 37˚C. X. oryzae pv. oryzicola and X. oryzae pv. oryzae strains were grown in peptone-sucrose agar (PSA) at 28˚C. A. tumefaciens strain GV3101 was cultured in Luria-Bertani (LB) at 28˚C.
Plasmid pGEM-avrRxo1 was constructed by T-A cloning in which the avrRxo1 ORF1 was inserted into pGEM-T Easy vector (Promega, USA). The primers used to amplify the avrRxo1 ORF1 were avrRxo1F1 and avrRxo1R1. The plasmid pHMavrRxo1 was constructed by introduction of a EcoRI and HindIII sequence containing the promoter and ORF1 of avrRxo1 into the plasmid pHM1. The primers used to amplify the promoter and ORF1 of avrRxo1 were PG-F and PG-R. The plasmid pGR106:avrRxo1 was constructed by introduction of a ClaI and NotI site sequence containing the ORF1 of avrRxo1 into the plasmid pGR106. The primers used to amplify the ORF1 of avrRxo1 were avrRxo1F2 and avrRxo1R2. The plasmid pPIC3.5K:avrRxo1 was constructed by introduction of a BamHI site sequence containing the ORF1 of avrRxo1 into the plasmid pPIC3.5K (Life technologies, USA). The primers used to amplify the ORF1 of avrRxo1 were avrRxo1-3.5KF1 and avrRxo1-3.5KR1. The site-directed mutants of avrRxo1 were made by overlapping PCR and ligated into the vectors pHM1 and pGR106 to produce the plasmids listed in Table 1 . The truncated avrRxo1 fragments were achieved by PCR using the primers listed in Table S1 . All plasmids were validated by sequencing.
Yeast strain and transformations
Yeast strain GS115 was cultured at 30˚C in YPD medium (1% yeast extract, 2% peptone, 2% glucose) or in selective synthetic complete media lacking histidine (-his) to maintain the plasmid and was supplemented with 2% glucose or 1% methanol as carbon sources. LiAc/SS carrier DNA/PEG method was used to transfer plasmid DNA into yeast strain GS115 and was performed as previously described [49] . Plasmid DNA was linearised with SacI for insertion at AOX1 to generate His + Mut + in GS115.
280˚C. The size of the cloned genomic fragments ranged from 12 to 20 kb, and the average length was 17 kb, with approximately 3 times the coverage of the whole RS105 genome. The plasmids of each clone was purified and introduced into PXO99 A one by one.
Bacterial transformations
Electrotransformation was used to transfer plasmid DNA into PXO99 A and performed as previously described [51] - [52] . Plasmid DNA was introduced into E. coli DH5a chemical competent cells (CWBIO, China). Plasmid DNA was introduced into A. tumefaciens strain GV3101 by electroporation as previously described [45] .
Plants culture and inoculation methods
The maize line B73 was used to test the expression of the avrRxo1 gene and the function of truncation and mutants of avrRxo1 in Xoo strain PXO99 A . Line B73 plants were grown in soil for 4 weeks, and the second and third leaves were inoculated with 48-h-old bacteria suspensions at 1610 8 CFU/mL. N. benthamiana were grown in a greenhouse at 25˚C, with 70% relative humidity and 16 h photoperiod. Bacterial suspensions were infiltrated into the intercellular spaces with a needleless syringe. Plants were evaluated for the induction of HR 2 days post-infiltration.
Transient expression of AvrRxo1 in N. benthimiana
Agrobacterium GV3101 containing avrRxo1, mutants, and vector pGR106 alone were resuspended with Agro-infiltration buffer (10mM MgCl 2 , 10 mM MES, pH 5.6, 200 mM Acetosyringone) and OD 600 were adjusted to 0.5 (approximately 1 6 10 8 CFU/ml). Bacterial suspensions were infiltrated into the 4-6 weeks old N. benthamiana leaves with a needleless syringe. The toxicity of the expressed protein was examined 5 days after infiltration.
Subcellular localization of AvrRxo1 in planta
RFP was used as a reporter to investigate the subcellular localization of AvrRxo1 in planta. The fragments of AvrRxo1 full length, AvrRxo1(52-421), and AvrRxo1(109-421) were cloned in frame with red fluorescent protein in vector pCX-DR [51] , generating pCX-DR:AvrRxo1(1-421), pCX-DR:AvrRxo1(52-421), and pCX-DR:AvrRxo1(109-421) ( Table 1 ). The constructs described above were individually introduced into A. tumefaciens strain GV3101 and transient expression in N. benthamiana leaves. Two days after infiltration the treated leaves were observed using confocal laser scanning microscopy (Leica Microsystems, Solms, Germany). Figure S1 . The normal expression of avrRxo1 from different Xoc strains in infected N. benthamiana leaves were confirmed by RT-PCR. Housekeeping gene EF1a was selected to normalize the samples Intrinsic disorder and globularity prediction of AvrRxo1 using GlobPlot software (http://globplot.embl.de/). doi:10.1371/journal.pone.0113875.S001 (TIF) Figure S2 . Intrinsic disorder and globularity prediction of AvrRxo1 using GlobPlot software (http://globplot.embl.de/). doi:10.1371/journal.pone.0113875.S002 (TIF) Figure S3 . Secondary structure analysis of AvrRxo1 using Jpred 3 software (http://www.compbio.dundee.ac.uk/www-jpred/). H indicates the a-helix; E indicates b-strand. doi:10.1371/journal.pone.0113875.S003 (TIF) 
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